Purpose Arginine depletion interferes with pyrimidine metabolism as well as DNA damage repair pathways. Preclinical data indicates that pairing pegylated arginine deiminase (ADI-PEG 20) with fluoropyrimidines or platinum enhances cytotoxicity in vitro and in vivo in arginine auxotrophs. Methods This is a single-center, open-label, phase 1 trial of ADI-PEG 20 and modified FOLFOX6 (mFOLFOX6) in treatment-refractory hepatocellular carcinoma (HCC) and other advanced gastrointestinal tumors. A 3 + 3 dose escalation design was employed to assess safety, tolerability, and determine the recommended phase 2 dose (RP2D) of ADI-PEG 20. A RP2D expansion cohort for patients with HCC was employed to define the objective response rate (ORR). Secondary objectives were to estimate progression-free survival (PFS), overall survival (OS), and to explore pharmacodynamics and immunogenicity. Eligible patients were treated with mFOLFOX6 intravenously biweekly at standard doses and ADI-PEG-20 intramuscularly weekly at 18 (Cohort 1) or 36 mg/m 2 (Cohort 2 and RP2D expansion). Results Twenty-seven patients enrolled-23 with advanced HCC and 4 with other gastrointestinal tumors. No dose-limiting toxicities were observed in cohort 1 or 2. The RP2D for ADI-PEG 20 was 36 mg/m 2 weekly with mFOLFOX6. The most common any grade adverse events (AEs) were thrombocytopenia, neutropenia, leukopenia, anemia, and fatigue. Among the 23 HCC patients, the most frequent treatment-related Grade ≥ 3 AEs were neutropenia (47.8%), thrombocytopenia (34.7%), leukopenia (21.7%), anemia (21.7%), and lymphopenia (17.4%). The ORR for this group was 21% (95% CI 7.5-43.7). Median PFS and OS were 7.3 and 14.5 months, respectively. Arginine levels were depleted with therapy despite the emergence of low levels of anti-ADI-PEG 20 antibodies. Arginine depletion at 4 and 8 weeks and archival tumoral argininosuccinate synthetase-1 levels did not correlate with response. Conclusions Concurrent mFOLFOX6 plus ADI-PEG-20 intramuscularly at 36 mg/m 2 weekly shows an acceptable safety profile and favorable efficacy compared to historic controls. Further evaluation of this combination is warranted in advanced HCC patients.
Introduction
Arginine, a semi-essential amino acid, is an important cellular nutrient and functions as a key regulator of several immunologic and cell signaling pathways [1] [2] [3] . In normal physiology, cells extract exogenously derived arginine or synthesize arginine from citrulline via the enzymes, argininosuccinate synthetase (ASS1) and argininosuccinate lyase (ASL) [1] . Certain cancers, such as hepatocellular carcinoma (HCC), are often deficient in ASS1 and are dependent exclusively on exogenous arginine for cell proliferation, growth, and survival [4] . Arginine auxotrophy observed in cancer is a critical metabolic vulnerability that has the potential to be exploited for therapeutic benefit [1, 3] .
Preclinical studies in cancer models have demonstrated that arginine deprivation leads to mitochondrial dysfunction, reactive oxygen species accumulation, DNA and chromatin damage, ultimately resulting in cancer cell death [5, 6] . Experiments in vivo and in vitro have also shown that ASS1-deficient HCCs, as well as a number of solid and liquid tumors are sensitive to arginine depletion [4, 7] . To explore arginine deprivation in the clinic, arginine deiminase, the enzyme that catalyzes the conversion of arginine to citrulline, was biochemically modified with polyethylene glycol to form pegylated arginine deiminase (ADI-PEG 20) [8] . Initial studies of ADI-PEG 20 demonstrated safety, tolerability, as well as promising antitumor activity in HCC, mesotheliomas and other solid tumors [9] [10] [11] [12] . A large randomized study of ADI-PEG 20 versus placebo in sorafenib-refractory advanced HCC patients; however, did not confirm these preliminary clinical data [13] .
Emerging data show that perturbations in arginine metabolism observed in malignancy interlink affect critical cellular processes, such as pyrimidine synthesis, folate metabolism, and DNA damage repair pathways [14] [15] [16] . Arginine depletion is known to interfere with thymidylate synthase activity, and importantly ADI-PEG 20 and 5-fluorouracil (5-FU) combination treatment results in enhanced HCC cell death over monotherapy in vitro [15] . Furthermore, arginine deprivation in arginine auxotrophs, results in altered levels of critical DNA repair proteins, potentially increasing HCC susceptibility to platinum [16, 17] . These data suggest that arginine depletion might potentiate the cytotoxic effects of chemotherapeutic agents.
Despite several recent treatment advances for patients with unresectable and metastatic HCC, most patients will make progress with tyrosine kinase or immune checkpoint inhibitors [18] [19] [20] [21] . No systemic therapies have been proven to extend overall survival in the third-line setting, thus advanced HCC patients remain a critical area of unmet need. FOLFOX is safe, tolerable, and appears to have some clinical activity in advanced HCC patients, albeit with a modest ORR (8%) [22] . We thus conducted a phase 1 study of ADI-PEG 20 in combination with modified FOLFOX6 (mFOLFOX6) in patients with advanced HCC and other gastrointestinal malignancies.
Methods

Study design
This was a single-center, open-label, phase 1 trial of ADI-PEG 20 combined with mFOLFOX6 in patients with histologically proven HCC and other gastrointestinal cancers (clinicaltrials.gov NCT02102022). A 3 + 3 dose escalation design was used to define the recommended phase 2 dose (RP2D) of the combination. Once the RP2D was established, an exploratory expansion cohort for HCC patients was used to estimate efficacy. The study was conducted in accordance with the International Conference on Harmonization Good Clinical Practice guidelines and the Declaration of Helsinki and was approved by the Institutional Review Board at Memorial Sloan Kettering Cancer Center. Patients provided written informed consent.
Patients and eligibility
Patients 18 years of age or older, with histologically proven advanced gastrointestinal cancers for the dose escalation (Cohort 1 and 2) and HCC for the dose expansion were eligible. Patients had evaluable disease assessed by an radiologist blinded to the clinical care of patients by Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST1.1) [23] . HCC patients were required to have progressed or have had intolerable toxicity on sorafenib, the sole standard of care at that time. Patients with pancreatic ductal adenocarcinoma (PDAC) were required to have progressed on a gemcitabinebased regimen, while other gastrointestinal malignancies could be treatment-naïve or had progressive disease on any form of prior systemic therapies. Any number of prior treatments was allowed for all patients.
Additional criteria included Eastern Cooperative Oncology Group (ECOG) performance status 0 or 1, adequate hematologic, hepatic, and renal function. Specific criteria for HCC included intact hepatic function with a Child Pugh A score. Patients with hepatitis B viremia (HBV) were required to be maintained on antiviral therapy. All patients were required to have archival tissue for ASS1 determination, and if unavailable, the investigator could opt to obtain a pretreatment biopsy.
Exclusion criteria included anticancer therapy within 4 weeks of entering the study, except radiation therapy for symptomatic treatment within 2 weeks of study entry which was then amended to 2 weeks for any anticancer treatment, ongoing toxic manifestations of previous treatments, ≥ grade 2 peripheral sensory neuropathy, symptomatic brain or spinal cord metastases, significant concomitant or uncontrolled intercurrent illness, recent major surgery, history of another primary cancer (unless treated curatively or unlikely to affect patient outcome), allergy to platinum or pegylated or Escherichia coli products, pregnancy, history of seizure disorder, and previous therapy with ADI-PEG 20.
Study treatment
Eligible patients were treated with a weekly intramuscular injection of ADI-PEG 20 at 18 (cohort 1) or 36 mg/m 2 (cohort 2 and RP2D expansion) together with intravenous (IV) biweekly mFOLFOX6 (oxaliplatin 85 mg/m 2 IV on day 1; leucovorin 400 mg/m 2 over 2 h on day 1; 5-fluorouracil 400 mg/m 2 IV bolus on day 1 then 1200 mg/m 2 over 24 h for 2 days). Four weeks of treatment counted as one cycle. Patients continued ADI-PEG 20 and mFOLFOX6 combination treatment for 6 cycles (24 weeks). After 24 weeks, patients with clinical benefit (stable disease or better) were permitted to continue single agent ADI-PEG 20 with or without mFOLFOX6 until disease progression at the treating physician's discretion. For cohorts 1 and 2, at least three patients were investigated at each dose level for a minimum of 4 weeks before escalation to the next dose cohort. There were no intrapatient dose escalations.
Safety evaluations
All treated patients were evaluated for safety by medical history, physical examination and laboratory testing at screening and every 2 weeks for the duration of the study. Adverse events (AE) were collected weekly prior to ADI-PEG 20 administration. AE monitoring continued for 30 days after patient completed the study. Dose-limiting toxicities (DLTs) were assessed during cycle one as AEs that were possibly, probably, or definitely related to the combination of mFOLFOX6 and ADI-PEG-20, including grade 4 neutropenia (> 7 days duration); febrile neutropenia; symptomatic grade 3/4 anemia (requiring transfusion therapy); grade 4 thrombocytopenia; or grade 3 or 4 nonhematologic toxicity. DLT exceptions included grade 3 anorexia, nausea, vomiting, or diarrhea that resolved to a lower grade with supportive treatment within 7 days; grade 3 or 4 fatigue that resolved within 5 days; alopecia; and grade 3 or 4 asymptomatic laboratory evaluations if assessed clinically insignificant by the investigator.
Efficacy evaluations
Computed tomography (CT) of the chest, abdomen, and pelvis with contrast for all advanced GI cancer patients, and CT including multiphasic post-contrast imaging for HCC patients were performed every 8 weeks while on study. Magnetic resonance imaging (MRI) of the abdomen and pelvis were used for patients who were intolerant of contrast. Tumor measurements were recorded and assessed by RECIST1.1.
Pharmacodynamics and immunogenicity
Blood samples for the determination of arginine, citrulline, and anti-ADI-PEG 20 antibodies were collected starting at day 1 of cycle 1 and then every week up to 24 weeks. All samples were analyzed as previously described [10] . Pretreatment of formalin-fixed, paraffin-embedded tumoral tissue was assessed for ASS1 expression by immunohistochemistry. ASS1 deficiency was defined as 0 or 1 plus immunohistochemistry staining in > 50% of tumor cells, as described previously [24] .
Statistics
The primary objective of the dose escalation portion of the study was to assess the safety and tolerability and to define the RP2D of combination treatment. The primary objective of the HCC expansion was to define the objective response rate (ORR). Secondary objectives were to determine progression-free survival (PFS), overall survival (OS), the pharmacodynamics and immunogenicity of combination treatment, and to explore the impact of pretreatment ASS1 expression on objective response.
For determination of the primary endpoint, safety and tolerability were assessed based on AEs graded according to the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events version 4.03 (CTCAE 4.03). The number of events and the number of subjects were tabulated for each treatment group. For each event, patients were counted only once if they had more than 1 event reported during the treatment period, and all events were summarized using descriptive statistics. The RP2D was defined as the highest dose study for which the incidence of DLTs was less than 33%.
Upon establishment of the RP2D, an expansion cohort was used to estimate efficacy in advanced HCC patients. HCC patient who were treated at the RP2D but in the escaltion (Cohort 2), were counted for efficiacy analysis in the dose expansion. In this exploratory analysis, a single stage design was employed in which a 5% ORR was considered not promising and a 20% ORR was considered promising given the benchmark of antitumor activity for FOLFOX alone in advanced HCC patients is approximately 8%, although 79% of these patients received FOLFOX in the first-line setting [22] . The probabilities of a type I (α) error and type II (β) error were set at 0.08 and 0.18, respectively. Thus, if ≥ 3 of 21 patients had an objective response, the combination would be considered promising and worthy of further exploration. This design yields at least a 0.82 probability of a positive result if the true response rate is at least 20%. ORR was defined as the proportion of patients who exhibited a confirmed partial response (PR) or complete response (CR). Disease control rate (DCR) was defined as the proportion of subjects at each postbaseline scan who exhibited a CR, PR or stable disease (SD). Both the ORR and DCR were estimated with the exact binomial method.
PFS was defined as the time in months from the first treatment until objective tumor progression or death from any cause. OS was defined as the time in months from the first treatment until death from any cause. PFS and OS were summarized with the Kaplan-Meier method. Pharmacodynamics and immunogenicity are summarized descriptively by time point. The Kruskal-Wallis test was employed to assess the correlation between arginine depletion, defined as negative change from baseline and a level ≤ 10 µM, at 4 and 8 weeks and objective response. Fisher exact test was used to explore the impact of archival ASS1 expression on objective response. Statistical analyses were performed with SPSS software.
Results
Patient demographics
A total of 27 patients enrolled on the study from January 2014 to October 2017, 7 patients [3 PDAC, 3 HCC, and 1 fibrolamellar carcinoma (FLC)] in the dose escalation, and 20 HCC patients on the expansion cohort ( Table 1 ). The study database cutoff for the data analysis was December 1st, 2017 and at that time 3 patients remained on treatment. Of the 23 advanced HCC patients, the median age was 65 (44-77) years old and 70% were male. Etiologies included non-virally mediated (57%), HCV-associated (30.4%), and HBV-associated (13.4%) HCC. Patients were ECOG PS ≤ 1, had Child-Pugh A liver function, and all failed sorafenib-10 of 23 (43.5%) had progression ≥ 2 prior therapies. Patients received a median of 1 (1-4) prior therapies.
Determination of the RP2D
Four patients (3 PDAC, 1 FC) enrolled in cohort 1; no DLTs were observed. One patient was replaced due to a grade 3 cardiac event NOS that occurred after 2 days of treatment. The patient presented with a syncopal episode on cycle 1, day 3. Electrocardiogram revealed transient ST depressions in anterolateral leads with non-diagnostic elevation in troponin (max 0.3, diagnostic > 0.63 mg/mL). An echocardiogram revealed mild dyskinesis of the inferior wall, which resolved on follow-up imaging. The event resolved completely but potentially represented an idiosyncratic cardiotoxicity related to 5-fluorouracil. Three HCC patients enrolled into cohort 2, no DLTs were observed. The RP2D was set at ADI-PEG 20 36 mg/m 2 in combination with mFOLFOX6.
Safety and tolerability
All 27 patients were evaluable for safety and tolerability. Among the 23 HCC patients treated in cohort 2 and in the RP2D expansion, all patients reported at least 1 treatment emergent AE. The most frequent treatment emergent AEs of any grade and attribution were thrombocytopenia, neutropenia, leukopenia, anemia, and fatigue ( Table 2) . Seventeen of 23 (73.9%) patients experienced a grade 3 or 4 event attributed at least possibly related to the study treatment (Table 3) . The most common treatment-related grade 3 or 4 AEs were neutropenia (47.8%), thrombocytopenia (34.7%), leukopenia (21.7%), anemia (21.7%), lymphopenia (17.4%), fatigue (8.7%), and encephalopathy (8.7%). Regarding the 2 cases of treatment-related grade 3 encephalopathy, both occurred within the first cycle of the study. Both instances resolved with cessation of study treatment, inpatient admission, and lactulose. One patient restarted mFOL-FOX6 and ADI-PEG 20 with a dose reduction and continued treatment for an additional 7 months. The second patient recovered completely, did not receive additional treatment, and was withdrawn from the study for toxicity. The other treatment-related grade 3 or 4 events were febrile neutropenia (1), stomatitis (1), diarrhea (1), hyponatremia (1), upper gastrointestinal hemorrhage (1), and transaminitis (1).
Among the 23 HCC patients, one or more components of ADI-PEG 20 and mFOLFOX6 were dose reduced, discontinued, or reduced and discontinued in 16 (69.6%) patients (Table 4) . Dose reductions or discontinuations for toxicity included encephalopathy, diarrhea, hematologic toxicity, and/or peripheral sensory neuropathy. ADI-PEG 20 and mFOLFOX6 were maintained at full dose in 23 (100%) and 7 (30.4%) of the 23 HCC patients, respectively. Three patients died within 30 days of last treatment, 1 due to clinical deterioration and 2 due to disease progression as confirmed by cross-sectional imaging.
Efficacy analysis
Among the 4 patients treated in cohort 1, 2 patients (PDAC) were not evaluable-one had clinical deterioration due to disease progression, the other was replaced due to potential idiosyncratic cardiac toxicity of 5-FU. The remaining 2 patients (FLC and PDAC) had progressive disease at first interval scan.
Among the 23 HCC patients enrolled into cohort 2 and the expansion cohort and treated at the RP2D, the best radiologic responses were PR in 5 (21.7%), SD in 8 (34.8%) and progressive disease in 9 (39.1%). One patient was not evaluable due to clinical deterioration (Fig. 1a) . The ORR and DCR were 21.7% (95% CI 7.5-43.7) and 56.5% (95% CI 34.5-76.8%), respectively. The median duration of response was 9.5 months (range 5.6-27.6) at the time of the data cutoff-3 patients had ongoing tumoral response at 9.5, 20.5, and 27.6 months (Fig. 1b, c) . Objective responses were observed in both virally mediated (2 of 10) and nonvirally mediated (3 of 13) HCC patients. Among those 10 patients who had previously progressed on at least 2 prior treatments, 3 patients (30%) attained a partial response to the study treatment. Two of these patients had received prior anti-PD-1 monoclonal antibodies. The median PFS was 7.3 months (95% CI 1.8-11.0) and the median OS was 14.5 months (95% CI 4.0 to not reached) for the 23 HCC patients.
Pharmacodynamics, immunogenicity, and biomarker analysis
ADI-PEG 20 treatment resulted in rapid depletion of plasma arginine (Mean ± SEM, baseline 81.7 ± 7.7, week 1 0.8 ± 0.2 µM) with a reciprocal increase in plasma citrulline (Mean ± SEM, baseline 36.9 ± 8.9, week 1 369.0 ± 29.5 µM). Arginine suppression persisted throughout the course of treatment and remained suppressed at 25% of baseline levels after 24 weeks of treatment (Mean ± SEM, baseline 81.7 ± 7.7, week 24 20.5 ± 9 µM, Fig. 2) . Qualitatively, arginine and citrulline levels did slowly converge over the course of treatment. Anti-ADI-PEG-20 antibody titers are shown in Archival tumor samples were available obtained for 27 patients on study, though for 4 patients, available tissue was insufficient for ASS1 analysis. Among the 23 HCC patients, 19 (82.6%) underwent ASS1 testing. Two of 19 (10.5%) samples were deficient. There was no correlation with ASS1 deficiency and best objective response (p = 1.0).
Discussion
ADI-PEG 20 plus mFOLFOX6 was evaluated in patients with advanced gastrointestinal cancer, with a focused expansion on patients with HCC. In an exploratory HCC expansion, the study met its pre-specified endpoint with an ORR of 21% (CI 95% 7.5-43.7) and a DCR of 56.5% (95% CI 34.5-76.8%). The median PFS and OS were 7.3 months and 14.5 months, respectively. Combination treatment resulted in sustained arginine depletion through 24 weeks, the duration of pharmacodynamic testing. Neither arginine depletion at 4 and 8 weeks nor pretreatment tumoral ASS1 expression correlated with response.
The predominant safety signal observed with this combination was hematologic toxicity, and our data are not appreciably different from data reported in prior large studies of FOLFOX in HCC and other gastrointestinal cancers in both Asian and non-Asian patients [22, 25] . In the EACH [Oxaliplatin (Eloxatin) Plus FOLFOX4 Compared With SingleAgent Doxorubicin (Adriamycin) As Palliative Chemotherapy in Advanced Hepatocellular Carcinoma Patients] study, all grade neutropenia, leukopenia, thrombocytopenia, and anemia occurred in 69, 59, 60, and 43% of patients, It is unclear if this observation represents a true biologic phenomenon or a consequence of a small sample size. Nevertheless, all such cases were resolved and manageable with dose reductions and growth factor support. The frequency of gastrointestinal and neurologic AEs was also similar to prior studies of FOLFOX in HCC. As expected, we did identify some treatment-related grade 3 events that are likely byproducts of cirrhosis, specifically encephalopathy. These observations illustrate the complexity of drug development in the cirrhotic, will be important events to monitor with further development of this combination, and reinforce the importance of patient selection when considering systemic treatments for patients with advanced HCC [8] .
The exploratory single stage HCC expansion cohort met its primary endpoint, combination therapy that led to meaningful and durable tumoral shrinkage in 21% of patients. These results compare favorably to the largest prospective experience of FOLFOX in HCC patients, where the ORR was 8%, although 79% of these patients received FOL-FOX in the first-line setting [22] . The addition of platinum-based cytotoxic therapy to ADI-PEG 20 also led to an effective doubling of the response rate in a recent small study of patients with ASS1-deficient thoracic tumors [24] . Similar effective doubling of the response rate also occurred in a recent small study of ASS1-agnostic PDAC patients treated with ADI-PEG 20 and gemcitabine plus nab-paclitaxel [26] . Taken together, these data help to support the hypothesis that arginine depletion might potentiate the cytotoxic effects of certain chemotherapeutics in both ASS1-proficient and deficient cancers. The secondary endpoints of PFS (7.3 months) and OS (14.5 months) in this advanced (73% extrahepatic disease, 40% with portal vein involvement, 40% AFP ≥ 400 ng/mL) and heavily pretreated population were also favorable when compared to recent prospective studies of FOLFOX or multi-targeted tyrosine kinase inhibitors. Front-line FOLFOX in advanced HCC patients in Asia resulted in a median PFS and OS of 2.9 and 6.4 months, respectively [22] . Of course, the hazards of cross trial comparisons are well-documented, particularly in HCC where heterogeneous biology, disparate ethnicity, and geography may influence treatment outcomes. As an example, the EACH study was enriched with HBV-associated HCC (> 90%) while in comparison, only a small number of patients in our study had HBV as an etiologic factor (~ 14%), thus the paucity of HBV-associated HCC may lead to a prognostic imbalance that favors a longer PFS and OS in this cohort.
How the combination of FOLFOX6 and ADI-PEG-20 will be explored in the current landscape of treatment for HCC is intriguing. Given the emergence of two TKIs (regorafenib and cabozantinib [18, 27] ) and one monoclonal antibody (ramucirumab [28] ) with a survival advantage over best supportive care in the second-line, and the durable response rate of nivolumab in patients who failed sorafenib [20] , a logical drug development strategy for the proposed therapy is in the 3rd-line space as a salvage therapy. Indeed, 43% of our study population failed at least 2 lines of prior treatment, including anti-PD-1 therapy, and sustained radiographic responses were still observed in this patient population.
Pharmacodynamic data indicate that ADI-PEG 20 depleted plasma arginine for the entirety of the 24-week treatment period to levels below 25% of baseline. This contrasts with prior reports with ADI-PEG 20 monotherapy in HCC where arginine and citrulline concentrations normalized between 8 and 12 weeks [10, 11] . It is possible that this is a result of suppression of neutralizing antibodies, and the qualitative rise in anti-ADI-PEG 20 titers over treatment appeared slower then what has been reported previously. Similar effects have been observed with combination chemotherapy and ADI-PEG 20 in patients with advanced mesothelioma, non-small cell lung cancer, and PDAC, and a potential hypothesis for differential pharmacodynamic data is that the immunosuppressive effects of cytotoxic chemotherapy and/or supportive corticosteroids may lead to anti-drug antibody suppression [24, 26] . Despite rapid and sustained arginine depletion, arginine depletion at 4 and 8 weeks did not appear to correlate with clinical benefit. This finding is not surprising given that arginine concentrations were effectively depleted for the entire study period in most patients. Furthermore, pretreatment tumoral ASS1 levels did not correlate with radiographic response. Of course, this may be a function of the relatively small sample size, or the known difficulties using archival tissue to assess for ASS1 levels [13] . In addition, systemic treatments administered after obtaining the archival sample may also have altered ASS1 levels [29] . Alternatively, given the use of combination treatment, ASS1 deficiency may not be required for a response to treatment when ADI-PEG 20 is part of combination systemic therapy. Indeed, even with ASS1 proficiency, a tumor cell must opt to use aspartate to make arginine and urea, or to make nucleotides and attempt to repair DNA damage caused by agents such as platinums and antifolates to avoid death. In sum, the combination of ADI-PEG 20 plus mFOL-FOX6 was safe and tolerable. The RP2D was defined as ADI-PEG 20 at 36 mg/m 2 IM weekly with standard dose mFOLFOX6. The combination exhibited encouraging preliminary efficacy in treatment-refractory HCC patients, and is therefore worthy of further exploration. The small sample size accrued at one center is a limitation of the study, and may lead to selection bias or an incorrect estimation of efficacy and/or toxicity. Thus, a large, international, multicenter, phase 2 trial to confirm these findings in a more diverse patient population who have failed 2 lines of prior therapy is ongoing. 
